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ABSTRACT: Atomic resolution transmission electron
microscopic observations at different electron acceleration
voltages enabled us to observe visually the energy
relaxation process of one conformer into another via
rotation of various parts of the molecule. Cross-correlation
analysis of sequential transmission electron microscopy
(TEM) images or of the difference between experimental
and simulated TEM images has been utilized for
investigation of the conformational mobility and for
structure identification of conformers.

Although σ-bond rotation and the ensuing conformational
changes are the fundamental subject of chemistry,1,2 the

possibility of visually observing such events at atomic resolution
has long eluded the ability of chemists.3,4 We recently tested the
utility of transmission electron microscopy (TEM)5,6 and
acquired in situ atomic resolution movies of the conformational
changes of single organic molecules attached to the surface of a
carbon nanohorn (CNH, a tapered variant of a single-walled
carbon nanotube).7−9 However visually impressive, the movies
themselves are insufficient as a research tool in the absence of a
method to change and quantify the magnitude and frequency of
the motions. The molecular motions under study were found to
be unusually insensitive to temperature and do not follow the
Arrhenius equation (between 410 and 793 K11), and therefore,
the standard temperature probe cannot be used. We report here
that the frequency of the molecular motions can be increased by
lowering the electron accelerating voltage (from 120 to 80 to 60
kV) as a consequence of large scattering cross section12 and that
the motions can be quantified using cross-correlation anal-
ysis13,14 between the neighboring frames of the movie. Cross-
correlation analysis has been shown to be useful for computer-
aided structural identification of the conformer seen in each
frame of the molecular movie. As a platform for this study, we
examined biotin derivatives 1 and 2 attached to the surface of a
CNH through two different linkers (Figure 1a) whose motions
were observed as they happened during several minutes on a
TEM stage at the three different voltages (Figure 1b). We call
this imaging method single-molecule and real-time TEM
(SMART-TEM) imaging. Molecule 1 is rather static at 80 and

120 kV, but vibrates frequently at 60 kV (Figure 1b). In contrast,
the more flexible molecule 2 is mobile enough at 80 kV to show
us visually the process of stepwise energy relaxation by sequential
rotations of σ-bonds in vacuum (Figure 1a), a piece of
information so far unobtainable by experimental methods but
only by theoretical simulations.15−17

Molecules 1 and 2 are designed to differ in their flexibility
(Figure 1a). They have in common a biotin terminus connected
to the CNH via a linker of different flexibility. Molecule 1 has a
rather inflexible tripeptide linker that makes the molecule rather
static under 120 kV SMART-TEM conditions.18 Molecule 2
consists of three different rotating parts, a frequently rotating
oligoethyleneoxy (OEO) linker, a less flexible N−CCNH bond,
and the least rotating N−C(O) bond. Therefore, the
conformational changes of each part of 2 will occur on three
different time scales. The CNH aggregates bearing a number of
specimen molecules were placed on a TEM sample stage at 298
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Figure 1. Biotinylated molecules 1 and 2 on CNH. (a) Molecular
designs. (b)Molecular motions faster and cross correlation smaller at 60
and 80 kV than those at 120 kV under SMART-TEM conditions.
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K, irradiated at an electron dose rate of 104−106 e− nm−2 s−1, and
the SMART-TEM movie was acquired for ca. 1 min for each
molecule.
For 27 molecules carefully analyzed here during our typical

observation period of a few minutes or a few hundred frames
(electron dose of <108 e− nm−2), we did not find total loss of the
molecules, fragmentation, or rearrangement that would occur by
radiolysis or knock-on damage. This observation agrees with our
previous finding that single molecules under the SMART-TEM
conditions retain their structurally integrity, in contrast to the
same molecule in its solid state that decomposed immediately
under irradiation at the same dose rate.8

The motions of 1, both at 120 kV (Figure 2a)18 and at 80 kV
(Figure 2b) were found to be equally slow, as seen for the biotin
terminal (red arrow) touching the same area of the CNH surface

even after 47−50 s. At 60 kV (Figure 2c), however, the frequency
and magnitude of the conformational changes became much
larger, as shown by the motion of the biotin group (red arrows)
over a distance of ca. 2.2 nm around the CNH surface. We
noticed that the 60 kV acceleration voltage (i.e., longer
wavelength) reduces the image resolution. As shown in the
100 consecutive frames taken during 40 s at 80 kV (Figure 2d),
molecule 2 underwent much larger conformational changes than
molecule 1 under the same voltage (Figure 2b).
To quantify the visual image analysis in the above paragraph,

we quantified the image changes using cross-correlation image
analysis.20,21 The cross-correlation factor between two consec-
utive frames at times t and t′, γ(t,t′) in eq 1, was calculated, where
It(rij) and It′(rij) are the intensities of pixel (ij) in frames t and t′,
and ̅It and ̅ ′It are the mean of It(rij) and It′(rij). This value
represents the degree of matching between the two neighboring
frames as a number (absolute value) between 1 and 0, 1 being a
perfect match and 0 being no match (cf. Figure 1b). Thus, the
sudden drop of the γ value often seen in Figure 3a corresponds to
a big conformational change followed by small conformational
changes.
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The average cross-correlation values (Figure 3a, left box) in
the movie of one molecule of 1 were 0.58 ± 0.03 at 60 kV (blue
line), 0.75 ± 0.06 at 80 kV (green), and 0.79 ± 0.01 at 120 kV
(red) (Figure 3b, left half), suggesting that there is a threshold
between 60 kV and 80−120 kV. This threshold is because of the
energy barrier for conformational changes as discussed below.
Note that the reference γ values calculated for the CNH substrate
depend neither on the acceleration voltage nor on the molecules,
as one expects (Figure 3b, reference values, white bars).

Figure 2. Representative images of molecules 1 and 2 extracted from
TEM movies at different acceleration voltages. A plausible molecular
model and its simulated TEM image are shown for molecule 1. The
number refers to the frame number sequentially numbered from the
beginning of the imaging. The red arrow points to the biotin terminal
and the white arrow to the amide group connected to the CNH. Scale
bars are 1 nm. (a) Molecule 1 is seen to be rather static at 120 kV.
Irradiated for 50 s with a total dose of 3.0 × 106 e− nm−2. Images are
adapted from ref 18. Copyright 2008 American Chemical Society. (b)
Molecule 1 is seen to be static at 80 kV. Irradiated for 47 s with a total
electron dose of 6.1 × 107 e− nm−2. (c) Rapidly moving 1 at 60 kV.
Irradiated for 12 s with a total electron dose of 3.6 × 105 e− nm−2. (d)
Rapidly moving 2 at 80 kV. Irradiated for 40 s with a total electron dose
of 1.0 × 108 e− nm−2. Simulation images were generated by a multislice
procedure implemented using standard simulation software.19 The
original TEM movies can be found in the Supporting Information.

Figure 3. Cross-correlation analysis of the images in the SMART-TEM
movies of 1 and 2. (a) Cross correlation, γ, calculated from consecutive
frames of the movie of 1 at 60−120 kV (left) and 1 and 2 at 80 kV
(right). (b) Average of γ for 1 and 2 at different voltages with standard
error bars calculated for three specimen molecules. The values for CNH
images are shown as a reference. (c) An example of cross-correlation
analysis for comparison between the image in frame 84 and 100 images
generated by the OPLS-2005-based MD simulation of 2 (left). The
simulated image that has the highest correlation (circle and arrow) is
shown on the right together with the corresponding molecular model.

Journal of the American Chemical Society Communication

DOI: 10.1021/jacs.5b00511
J. Am. Chem. Soc. 2015, 137, 3474−3477

3475

http://dx.doi.org/10.1021/jacs.5b00511


The right-hand box of Figure 3a shows the γ values for 20
consecutive frames of a movie taken for single molecules of 1 and
2 at 80 kV. Here, not only is the γ value consistently smaller for 2
than for 1 (i.e., continuous small motions) but also a large drop of
the value (large motions) occurs more frequently. The averaged
data are summarized in the right half of Figure 3b: 1 (0.75 ±
0.06) and 2 (0.68 ± 0.02). The data confirm our visual analysis
that 2 is more mobile at the same voltage of 80 kV.
Cross-correlation analysis is useful for quick comparisons

between experimental and numerous molecular dynamics (MD)
images, as shown in Figure 3c: frame 84 is compared with 100
simulated images of the conformers generated by MD, where we
find that the one circled in the graph shows the best fit. A more
detailed computational structural search may be carried out
based on this conformer.
To gain deeper understanding of the observed mobility of 2,

we investigated 100 consecutive SMART-TEM images (see the
Supporting Information; partly shown in Figure 2d) by
comparison with images obtained through MD using the
OPLS-2005 force field22 for a temperature and time range of
100−1000 K and 1 ns to microseconds (μs) (see Supporting
Information for details). In Figure 2d, we see two conformational
changes just after frames 49 and 84 that separate the whole scene
into three phases. In the first phase, frames 1 to 49, the molecule
is mainly located on the right-hand side of the CNH (Figure 2d,
top row). In the second phase, frames 50 to 84, the molecule is
located on the left-hand side of the CNH (Figure 2d, middle). In
the last phase, the molecule becomes perpendicular to the CNH
cap at frame 85 and then is mainly located above the cap region
(Figure 2d, bottom). In each phase, smaller conformational
changes also occurred at every frame. The dynamic profile found
here is in agreement with the molecular design of 2, where the
motions are expected to occur on three different time scales. The
structures of the three typical conformers are shown in Figure 4
(see Supporting Information for some additional conformers).
The bicyclic biotin terminal (red circle in models) appears as one

of the dark spots, serving hence as a marker. We therefore
conclude that the major conformational changes are due to
rotation of theOEO group, theN−CCNH bond (dihedral angle θ

1

in Figure 5a), and the N−C(O) bond (θ2).

Next, we describe the origin of the observed conformational
changes and energetics based onmolecular dynamics simulations
illustrated for three runs in Figure 5c. Starting with the conformer
seen in frame 4 (Figure 4c) as the initial state at 340 K for 100 ns,
we see the first big conformational change occurring after frame
49 (Figure 5bI; blue frame to green). We needed 500 K to
simulate the conformational changes shown in frames 85−100
that occurred on a room temperature sample stage for a period of
a minute (Figure 5bII, blue to red). The slow motion under
SMART-TEM conditions is reminiscent of scanning tunneling
microscope conditions where a specimen molecule is fixed on a
macroscopic substrate and hardly vibrates or translates.
The conformational change seen after frame 49 is due to the

rotation of the N−CCNH bond (θ1 in Figure 5a). Up to 28 ns in
the simulation at 340 K (Figure 5c left), θ1 remains largely in the
range −20 to −80° (blue band), then suddenly and irreversibly
increases thereafter to 150−180° and −170 to −180° (green
band) with an average potential energy decrease of 36.0 kJ mol−1

because of the N−CCNH bond rotation. Here, the numerous
conformers with slightly different θ values have the OEO groups
in different conformations. The conformers differ from each
other by approximately 30 kJ mol−1 in energy.
The big conformational change just after frame 84 in Figure 2d

is because of the change in θ2, i.e., cis to trans isomerization of the
amide bond that took place in the simulation at 500 K, as

Figure 4. Plausible conformations of frames 4, 81, and 85 of a TEM
movie of 2 at 80 kV. Orange circle = biotin terminus. Blue square =
biphenyl. (a−i) The TEM image is shown on the left, a molecular model
of a plausible conformation is shown on the right, and its TEM
simulation is shown in the middle. Scale bar is 1 nm. (j) Schematic image
of the conformational changes of 2 showing the biphenyl/OEO group in
blue.

Figure 5. MD simulation of 2. (a) The two dihedral angle changes, θ1

and θ2. (b) Molecular models of 2 after simulation runs at 340 and 500
K. (c) Time evolution of dihedral angles θ1 and θ2. The blue, green, and
red color codes correspond to those in panel b. (d) An approximate
potential surface for the conformational change of 2 as deduced from the
time evolution of the TEM images supported by the MD calculations.
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illustrated in the run shown in Figure 5cII in black dots. This
process accompanies an average energy decrease of 43.8 kJ
mol−1. At 340 K, θ2 does not change, as shown by the red dots.
Obviously, the cis to trans isomerization of the amide bond
requires a higher activation energy (500 K) than the N−CCNH
bond rotation (340 K).
The approximate energetics obtained by the molecular

dynamics calculations for the images shown in Figure 2d are
summarized in Figure 5d. The group of conformers seen in
frames 1−49 is the least stable group, which involves a cis-amide,
a small θ1 value, and a variety of OEO conformations. The N−
CCNH bond rotation (θ1) results in the more stable conformers
seen in frames 50−84, and the cis-to-trans amide rotation (θ2)
results in the most stable conformers seen in frames 85−100.
In conclusion, we have visually observed the time evolution of

the conformational changes of two types of molecules 1 and 2 by
SMART-TEM imaging and found that the magnitude of the
acceleration voltage affects the frequency of conformational
changes, as analyzed by cross-correlation analysis of the
consecutive images. The motion was found to become more
frequent as the voltage was lowered from 120 to 60 kV. Though
this observation may be counterintuitive at first glance, it agrees
with the larger scattering cross section in vacuum between a
slower electron and the nuclei in the specimen molecule.12 The
two new tools, voltage control and cross-correlation image
analysis introduced here, will enhance the utility of SMART-
TEM imaging in the analysis of systems involving complex
structural changes and chemical reactions.23−28
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